Introduction
============

In our fight against cancer, accurate diagnosis, effective therapy and precise assessment of prognosis, are all important to achieve the optimal treatment outcome. Nowadays, multimodal imaging that combines various imaging modalities to provide complementary information has demonstrated obvious advantages over single-modal imaging, promising for cancer diagnosis and prognostic evaluation.[@B1]-[@B4] On the other hand, combination therapy in which different treatment strategies are applied via a synergistic manner has become an important trend in the development of cancer treatment.[@B5]-[@B7] The design and fabrication of nanoscale platforms with integrated imaging and therapy functions would thus be demanded in the development of combination tumor therapy guided under multimodal imaging.

Carbon nanotubes (CNTs) including single-walled carbon nanotubes (SWNTs) with many unique physical and chemical properties have been extensively explored in the nanomedicine area.[@B8]-[@B11] It has been found that SWNTs exhibit intense Raman scattering, near-infrared (NIR) photoluminescence, strong photoacoustic signals and high T2 magnetic resonance (MR) contrast,[@B9] which together make SWNTs an excellent contrast agent based on their inherent properties for multimodal imaging. On the other hand, SWNTs with large surface area have been found to be efficient drug carriers for applications in drug delivery.[@B12], [@B13] Moreover, the strong NIR absorbance also makes SWNTs a robust photothermal agent for photothermal therapy (PTT) of cancer.[@B9], [@B10], [@B14], [@B15] In order to use CNTs for applications in biomedicine, their surface functionalization is critically important in regulating their behaviors in biological systems such as toxicity (non-functionalized raw CNTs could have toxic effects), pharmacokinetic profiles, and tumor targeting capability.[@B8], [@B9], [@B16] To date, a number of functionalization methods have been developed including covalent surface chemistry, non-covalent coating with amphiphilic molecules or polymers, or shelling with inorganic nanostructures such as mesoporous silica or gold shell.[@B9], [@B17], [@B18] However, among those methods, covalent surface modification would often damage the SWNT structure and affect their inherent optical properties; coating with amphiphilic molecules in many cases may have limited stability; while engineering with inorganic shells usually requires complicated procedures.[@B9], [@B10], [@B17], [@B19], [@B20]

Recently, polydopamine (PDA) derived from self-polymerization of dopamine has attracted intensive attention, not only as the nano-carrier by itself,[@B21]-[@B23] but also as a biocompatible coating to shell different types of functional nano-agents.[@B24], [@B25] In this work, a new CNT functionalization method is developed by coating SWNTs with a self-polymerized PDA shell, which not only makes SWNTs highly water soluble and stable, but also provides additional functionalities such as chelation with Mn^2+^ to offer enhanced T1 & T2 MR contrast, as well as enabling efficient radioisotope labeling with ^131^I to allow radioisotope therapy (RIT). With further modification with polyethylene glycol (PEG), SWNT\@PDA-^131^I-PEG with prolonged blood circulation half-life and efficient passive tumor targeting is obtained, as revealed by both in vivo MR imaging and ex vivo biodistribution based on gamma counting. By utilizing the inherent strong NIR absorbance of SWNTs, NIR-induced PTT is conducted with SWNT\@PDA-^131^I-PEG to enhance its RIT, obtaining an obvious synergistic therapeutic outcome in a mouse tumor model. Our results present an interesting theranostic platform useful for multimodal imaging guided combination therapy of cancer, and suggest the great advantages of PDA coating as a general biocompatible surface functionalization strategy to engineer multifunctional nanostructures.

Experimental Section
====================

**Materials:** dopamine, MnCl~2~, poly (maleic anhydride-alt-1-octadecene) and polyvinylpyrrolidone were purchased from Sigma-Aldrich and used as received. NH~2~-PEG (5 kDa) polymer was obtained from PegBio, Suzhou, China. 4T1 murine breast cancer cell line was obtained from American Type Culture Collection (ATCC) and cultured at 37 ^o^C, 5% CO~2~. RPMI-1640 culture medium was obtained from Hyclone. Female Balb/c mice were purchased from Nanjing Peng Sheng Biological Technology Co. Ltd.

**Preparation of SWNT\@PDA**: SWNTs (0.2 mg/mL) were solubilized by PVP (0.5 mg/mL) using sonication for 5 h,[@B26] yielding a black suspension which was then centrifuged at about 14 000 rpm for 1 h to remove the precipitates. The molar concentration of SWNTs (by assuming the length and diameter of SWNTs to be 150 nm and 1.5 nm, respectively) was determined by the absorbance at 808 nm with a molar extinction co-efficient at 7.9 × 10^6^ cm^-1^ M^-1^.[@B27] To synthesis SWNT\@PDA, the dopamine solution (0.4 mg/mL) was added into the SWNT/PVP dispersion (0.1 mg/mL) in Tris buffer (10 mM, pH 8.5), sonicated for 5 minutes and stirred under air at room temperature for 20 h.[@B28] Then the SWNT\@PDA sample was further purified by ultrafiltration (MWCO = 100 kDa) at 4 000 rpm for three times. The amount of PDA coating in the obtained SWNT\@PDA was determined by comparing the total mass of freeze-dried SWNT\@PDA sample versus the pre-determined net weight of SWNTs by its optical absorbance (at 808 nm) and total volume of the solution before freeze-drying.

**Synthesis of SWNT\@PDA-PEG:** PEG-grafted poly (maleic anhydride-alt-1-octadecene) (C18PMH-PEG) polymer was obtained according to previous reports.[@B10] SWNT\@PDA (0.6 mg/mL) was mixed with C18PMH-PEG/H~2~O (3 mg/mL) and stirred for 4 h at room temperature. Then SWNT\@PDA-PEG solution was centrifuged at 14 800 rpm for 5 minutes to remove the precipitates.

**Synthesis of Mn^2+^ chelated SWNT\@PDA-PEG:**0.24 mL MnCl~2~/H~2~O (10 mg/ml) was added into the 1 mL SWNT\@PDA-PEG (0.6 mg/mL) under stirring for 2 h at room temperature. The product SWNT\@PDA-PEG/Mn was ultrafiltrated (MWCO = 100 kDa) at 4 000 rpm for three times. The Mn^2+^ concentration of SWNT\@PDA-PEG/Mn was measured by inductively coupled plasma-mass spectrometry (ICP-MS) analysis.

**Characterization:**Transmission electron microscopy (TEM) imaging was carried out by using a FEI Tecnai F20 TEM at an acceleration voltage of 200 kV. UV-Vis-NIR absorption spectra were measured by a GENESYS 10S UV-Vis spectrophotometer. The dynamic light scattering (DLS) and Zeta potential measurements were obtained from a Zetasizer Nano Z (Malvern). Laser irradiation was used by an optical-fiber-coupled power-tunable diode laser (continuous wave) (maximal power = 10 W, Hi-Tech Optoelectronics Co., Beijing, China).

**^131^I radiolabeling of SWNT\@PDA-PEG:**^131^I was labeled to the surface of SWNT\@PDA-PEG by using a standard chloramine-T oxidation method according to the previous protocol.[@B22] Briefly, 0.5 mL SWNT\@PDA-PEG (0.6 mg/mL), 1 mCi ^131^I and 0.2 mL chloramine-T (4 mg/mL) were mixed together in pH 7.5 phosphate buffered saline (PBS) solution and reacted for 10 minutes at room temperature. The reacted solution was ultrafiltrated (MWCO = 100 kDa) at 4 000 rpm to remove excess ^131^I. The ^131^I radiolabeling efficiency on SWNT\@PDA-PEG was determined by measuring the radioactivity of our yielded SWNT\@PDA-PEG-^131^I by a gamma counter.

**Cytotoxicity assays:** 293T cells were grown in DMEM culture medium with 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin. 4T1 murine breast cancer cells were grown in RPMI-1640 culture medium with 10 % FBS and 1 % penicillin/streptomycin. To evaluate the potential toxicity at tested condition, 4T1 cells and 293T cells were seeded in 96-well plates at 1 × 10^4^/well and incubated with free ^131^I, SWNT\@PDA-PEG and SWNT\@PDA-^131^I-PEG at various concentrations for 24 h. Afterwards, the cells were washed with PBS. Then a standard methyl thiazolyltetrazolium (MTT, Sigma Aldrich) assay was performed to determine the relative cell viability.

**In vitro combination therapy:**4T1 cells were firstly incubated with SWNT\@PDA-^131^I-PEG (80 nM of SWNTs, corresponding to 150 μCi of ^131^I) for 24 h, and then irradiated by an 808 nm NIR laser at the power density of 0.3 W cm^-2^. The cell culture temperature was kept at about 46 ^o^C for 20 min. Then the relative cell viabilities were measured by the MTT assay. Meanwhile, the cells at the same therapy conditions were stained with Calcine AM and prodium iodide (PI) for 30 min to differentiate live (green color) and dead cells (red color). After PBS washing, the cells were observed by a fluorescence microscope (Olympus, IX73).

**In vivo combination therapy:** All animal experiments were performed under protocols approved by Soochow University Laboratory Animal Center. The tumor model was created by subcutaneous injection of 1 × 10^6^ 4T1 cells into the back of each mouse. When the tumor volumes reached about 50 mm^3^, mice were randomly divided into six groups with five mice per group including untreated group, mice i.v. injected with free ^131^I (200 μCi), SWNT\@PDA-PEG with and without laser irradiation (\[SWNT\]:4.3 mg kg^-1^), and SWNT\@PDA-^131^I-PEG with and without laser irradiation (\[SWNT\]:4.3 mg kg^-1^, 200 μCi). After 24 h, the tumors treated with SWNT\@PDA-PEG and SWNT\@PDA-^131^I-PEG were irradiated by the 808 nm NIR laser at a power density of 0.6 W cm^-2^ to maintain the tumor temperature at about 46 °C for 20 min under the monitoring by the infrared camera (Infrared Cameras. Inc.). After treatments, the tumor sizes and body weights were measured every 2 days for 2 weeks. The tumor volume was calculated according to the following formula: volume = width^2^ × length/2. Relative tumor volumes were calculated as V / V~0~ (V~0~ was the initial tumor volume when the treatment began). Then the tumors were collected and weighed after 14 day post injection. On the other hand, tumors slices from all groups were collected 1 day post treatment for hematoxylin and eosin (H&E) and terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling assay (TUNEL) staining (Roche) and observed by a digital microscope (Leica QWin). Next, the major organs including heart, liver, kidneys, lung and spleen were harvested from untreated group and SWNT\@PDA-^131^I-PEG with laser irradiation group, fixed in 4 % of formalin, embedded in paraffin, and sectioned into 4 μm slices for H&E staining.

**Multimodal imaging:** Mice bearing 4T1 tumor were i.v. injected with SWNT\@PDA-^131^I-PEG (\[SWNT\]:4.3 mg/kg, 200 μCi per mouse) for in vivo IR thermal, gamma and MR imaging. IR thermal imaging was irradiated with 808 nm laser at a power density of 0.6 W/cm^2^ for 20 min and imaged using an IR thermal camera (Infrared Cameras. Inc.). Gamma imaging was accomplished with in vivo animal imaging system (Kodak, FX Pro). 4T1 tumor-bearing mice were i.v. injected with SWNT\@PDA-PEG/Mn (\[SWNT\]:4.3 mg/kg, \[Mn\]: 1.61 mg/kg) for in vivo MR imaging, which was performed with the 3 T clinical MRI scanner (Bruker Biospin Corporation, Billerica, MA, USA) equipped with a special coil for small animal imaging. The MR images of SWNT\@PDA-PEG and SWNT\@PDA-PEG/Mn were collected at the same time, using a 3 T clinical MR scanner. After acquiring MR images, the signal intensity values were measured for each sample in the interest region.

**Blood circulation and biodistribution of SWNT\@PDA-^131^I-PEG:** Balb/c mice were i.v. injected with SWNT\@PDA-^131^I-PEG (\[SWNT\]:4.3 mg/kg, 200 μCi of ^131^I). 10 μL blood was obtained at different time, and measured by the gamma counter (Science and Technology Institute of China in Jia Branch Innovation Co., Ltd.). Major organs including liver, spleen, kidney, heart, lung, skin, muscle, bone and tumor were collected at 24 h post injection and measured by the gamma counter.

Results and Discussion
======================

The strategy for the synthesis of PDA coated SWNTs and the subsequent PEG modification is shown in Figure [1](#F1){ref-type="fig"}a. Raw SWNTs produced by the high-pressure CO disproportionation method (Hipco) were firstly solubilized by polyvinylpyrrolidone (PVP). When dopamine was added into the SWNT/PVP solution under an alkaline pH, it was self-polymerized to form PDA coated on the surface of SWNTs. Then, the yielded SWNT\@PDA was modified with PEG-grafted poly (maleic anhydride-alt-1-octadecene) (C18PMH-PEG) synthesized following the previously reported protocol to obtain PEGylated SWNT\@PDA (SWNT\@PDA-PEG).[@B10] Transmission electron microscopy (TEM) images (Figure [1](#F1){ref-type="fig"}b, 1c and [Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S1](#SM1){ref-type="supplementary-material"}) of SWNT samples revealed that a PDA shell was formed around SWNTs and Mn^2+^had no effect on the structure of SWNT\@PDA-PEG. With PEG modification, SWNT\@PDA-PEG showed great dispersity in various types of physiological buffers (Figure [1](#F1){ref-type="fig"}d, inset). Owing to the strong NIR absorbance of SWNTs (Figure [1](#F1){ref-type="fig"}d), SWNT\@PDA-PEG was found to be a more efficient photothermal heating agent than bare PDA once exposed to an 808-nm NIR laser (Figure [1](#F1){ref-type="fig"}e, [Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S2](#SM1){ref-type="supplementary-material"}).

As a powerful imaging modality, magnetic resonance (MR) imaging is extensively used in the clinic. In many previous studies, it has been demonstrated that metallic nanoparticles anchored on SWNTs formed from the added catalysts during their synthesis could offer contrast in T~2~-weighted MR imaging.[@B9] It is also known that PDA with hydroxyl groups would form chelates with different types of metal ions.[@B21], [@B29] Since paramagnetic Mn^2+^ with five unpaired 3d electrons is known to be a great contrast agent for T~1~-weighted MR imaging and may also enhance the T~2~-MR contrast,[@B30]-[@B34] we thus wondered if SWNT\@PDA-PEG could be further loaded with Mn^2+^ to simultaneously allow T~1~ / T~2~ MR imaging. By simply mixing MnCl~2~ with SWNT\@PDA-PEG, Mn^2+^-chelated SWNT\@PDA-PEG (SWNT\@PDA-PEG/Mn) was obtained. The increased zeta potential indicated the successful loading of Mn^2+^ ions in the obtained SWNT\@PDA-PEG/Mn ([Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S1](#SM1){ref-type="supplementary-material"}), in which the mass ratio of SWNT : Mn^2+^ was measured to be 1 : 0.374 by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Interestingly, compared to SWNT\@PDA-PEG without chelation of Mn^2+^, our SWNT\@PDA-PEG/Mn samples showed greatly enhanced concentration-dependent brightening and darkening effects as observed by both T~1~- and T~2~-weighted MR imaging, respectively (Figure [2](#F2){ref-type="fig"}a, 2b), demonstrating that the chelation of Mn^2+^ could remarkably enhance both T~1~- and T~2~-contrasts of SWNTs under MR imaging (Figure [2](#F2){ref-type="fig"}a, 2b). The corresponding enhanced relaxivities (r~1~ and r~2~) of SWNT\@PDA-PEG/Mn by chelation of Mn^2+^ (compared to SWNT\@PDA-PEG without Mn^2+^) were determined to be r~1~ = 3.98 mM^-1^ s^-1^and r~2~= 84.61 mM^-1^ s^-1^, as calculated by plotting 1/ΔT1 and 1/ΔT2 against Mn^2+^concentrations, respectively (ΔT1 & ΔT2 are the relaxation time differences between SWNT\@PDA-PEG/Mn and SWNT\@PDA-PEG at the same SWNT concentration). This integrated T~1~- and T~2~-weighted MR modalities could potentially offer more complete and accurate information about the lesion by overcoming the shortcomings of each single MR mode.[@B30], [@B35]

In our previous work, it was found that PDA with phenol groups could be easily labeled with radioactive iodine (e.g. ^131^I) with rather high efficiency via a standard chloramine-T oxidation method.[@B22] Using a similar method, SWNT\@PDA-PEG was labeled by ^131^I by mixing with K^131^I and chloramine-T for 10 minutes, achieving a labeling yield as high as \~90%.[@B22] Notably, the ratio of SWNT : ^131^I in the final SWNT\@PDA-^131^I-PEG could be easily tuned based on the requirement of different experiments, by simply changing on the feeding ratio during radiolabeling. We then studied the radiolabeling stability of SWNT\@PDA-^131^I-PEG by incubating those radioactive nanotubes in phosphate buffer saline (PBS) and mouse plasma at 37 °C. It was found that SWNT\@PDA-^131^I-PEG exhibited good stability in mouse plasma and PBS over 48 h (Figure [3](#F3){ref-type="fig"}a).

Next, the potential toxicity of the nanoplatform was tested by a standard methyl thiazolyltetrazolium (MTT) assay. As expected, the cytotoxicity of SWNT\@PDA-PEG without radiolabeling was not observed when the cells were incubated with different concentrations of SWNT\@PDA-PEG for 24 h (Figure [3](#F3){ref-type="fig"}b and [Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S3](#SM1){ref-type="supplementary-material"}). On the other hand, SWNT\@PDA-^131^I-PEG was able to effectively inhibit cell growth by a concentration-dependent manner (Figure [3](#F3){ref-type="fig"}b and [Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S3](#SM1){ref-type="supplementary-material"}). Compared to free^131^I, SWNT\@PDA-^131^I-PEG with the same radioactivity dose showed enhanced killing efficacy (Figure [3](#F3){ref-type="fig"}b and [Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S3](#SM1){ref-type="supplementary-material"}).

The combination of RIT and PTT was studied in vitro with such multifunctional SWNT\@PDA-^131^I-PEG nanoplatform. In our experiments, 4T1 cells were incubated with SWNT\@PDA-^131^I-PEG (80 nM of SWNT\@PDA-PEG, 150 μCi of ^131^I) for 24 h, irradiated by an 808-nm laser (0.3 W cm^-2^, 20 min). In contrast to RIT alone (SWNT\@PDA-^131^I-PEG without laser) and PTT alone (SWNT\@PDA-PEG with laser), which could partially induce cancer cell death at the tested dose, the combined RIT and PTT (SWNT\@PDA-^131^I-PEG with laser) offered greater killing efficacy, as revealed by both the relative cell viability data and fluorescence images of Calcine AM and propidium iodide (PI) co-stained cells (Figure [3](#F3){ref-type="fig"}c, 3d). At the same time, the actual synergistic efficacy induced by RIT & PTT combination (Group 6) was better than the predicted addictive effect (Figure [3](#F3){ref-type="fig"}d). Therefore, the combined RIT and PTT with SWNT\@PDA-^131^I-PEG could offer a remarkable synergistic killing activity in vitro on cancer cells.

The multimodal imaging and in vivo behaviors of SWNT\@PDA-PEG were then studied. For in vivo MR imaging, we evaluated the contrast enhancing effect in Balb/c mice bearing 4T1 tumors with i.v. injection of SWNT\@PDA-PEG/Mn. After 24 hours i.v. injection with SWNT\@PDA-PEG/Mn, the tumor contrast became brighter under T~1~-weighted MR imaging, showing marked positive enhancement, while in T~2~-weighted MR image, the tumor became darker and showed an obvious negative contrast (Figure [4](#F4){ref-type="fig"}a).

Using region-of-interest (ROI) quantification method, the quantitative MR imaging results further demonstrated the T~1~ signal intensity was obviously increased while the T~2~ signal intensity was decreased in the tumor upon i.v. injection with SWNT\@PDA-PEG/Mn (Figure [4](#F4){ref-type="fig"}b), suggesting the efficient tumor accumulation of those nanotubes. ^131^I with gamma emission could offer contrast under single photon emission computed tomography (SEPCT).[@B22] Due to our limited access to small animal SPECT, gamma imaging was conducted as a proof-of-concept experiment to image 4T1 tumor-bearing mice after i.v. injection with either free ^131^I or SWNT\@PDA-^131^I-PEG (\[SWNT\]: 4.3 mg/kg, 200 μCi of ^131^I). After 6 h, most of free ^131^I could be rapidly excreted from the mouse body. In contrast, SWNT\@PDA-^131^I-PEG could accumulate in the tumor after 4 h and become clear after 12 h (Figure [4](#F4){ref-type="fig"}c and [Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S4](#SM1){ref-type="supplementary-material"}). A contrast agent with integrated MR and gamma imaging could present more comprehensive information at a single-dose.

Next, blood circulation and biodistribution of SWNT\@PDA-^131^I-PEG were studied in vivo. After i.v. injection of SWNT\@PDA-^131^I-PEG (\[SWNT\]:4.3 mg/kg, 200 μCi of ^131^I), blood was sampled from Balb/c mice at various time points post-injection (p.i.). The concentrations of nanotubes in the blood were detected by the radioactivity. As shown in Figure [4](#F4){ref-type="fig"}d, while the blood levels of SWNT\@PDA-^131^I-PEG decreased gradually over time, the ^131^I signals in the blood remained at a relatively high level even at 24 h p.i.. The blood circulation curve revealed that the pharmacokinetics of SWNT\@PDA-^131^I-PEG followed a two-compartment model. The first and second phase blood half-lives of SWNT\@PDA-^131^I-PEG were calculated to be t~1/2~ (α) = 0.932 ± 0.124 h and t~1/2~ (β) = 15.046 ± 0.412 h. For the biodistribution measurement, the main organs and tumors in tumor-bearing mice were collected 24 h i.v. injection with SWNT\@PDA-^131^I-PEG (\[SWNT\]:4.3 mg/kg, 200 μCi of ^131^I). The radioactivity levels in different tissues were measured by a gamma counter. It was found that the radioactivity signal in the tumor was higher than that in other organs except liver and spleen, which were reticuloendothelial systems (RES) responsible for the clearance of foreign nanoparticles from the blood (Figure [4](#F4){ref-type="fig"}e).

Furthermore, we studied the in vivo treatment effect of RIT & PTT combination therapy with SWNT\@PDA-^131^I-PEG under the inspiration of the observed synergistic therapeutic effect in vitro and the efficient in vivo tumor accumulation of SWNT\@PDA-^131^I-PEG. The tumor model was developed by subcutaneously injecting 1 × 10^6^ murine breast cancer 4T1 cells into the back of each Balb/c mouse.[@B9] When the tumor volume reached about 50 mm^3^, mice were randomly divided into six groups (6 mice in each group): Group 1: PBS + NIR; Group 2: SWNT\@PDA-PEG; Group 3: Free ^131^I; Group 4: SWNT\@PDA-PEG + NIR; Group 5: SWNT\@PDA-^131^I-PEG; Group 6: SWNT\@PDA-^131^I-PEG + NIR. The mice were i.v. injected with various agents (\[SWNT\]:4.3 mg/kg, 200 μCi of ^131^I) in certain groups. After 24 h p.i., the tumors in Group 1, 4 and 6 were irradiated by the 808 nm laser at a power density of 0.6 W cm^-2^. As monitored by the IR thermal camera (Figure [5](#F5){ref-type="fig"}a, 5b), the tumor temperatures of mice treated with SWNT\@PDA-PEG and SWNT\@PDA-^131^I-PEG rapidly increased to about 46 °C and maintained at that level during laser irradiation. In comparison, the mice treated with PBS exhibited much less significant heating in the tumor under laser irradiation, and the final temperature was about 31 °C.

After different treatments, we measured the tumor sizes every 2 days. Remarkably, the tumors in Group 6 with injection of SWNT\@PDA-^131^I-PEG were completely eliminated after NIR laser irradiation as a result of the combined RIT and PTT (Figure [5](#F5){ref-type="fig"}c, 5d, 5e and [Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S4](#SM1){ref-type="supplementary-material"}). In contrast, neither PTT alone (Group 4: SWNT\@PDA-PEG + NIR) nor RIT alone (Group 5: SWNT\@PDA-^131^I-PEG) could completely inhibit the tumor growth, although the tumor development was partly delayed. Notably, RIT alone in Group 5 with SWNT\@PDA-^131^I-PEG showed better efficacy than free ^131^I in Group 3, likely owing to the enhanced tumor uptake for ^131^I loaded on nanotubes. At 14 days p.i., the tumors from all the groups were collected and weighed. The averaged tumor weights were well consistent with the measured tumor growth curves (Figure [5](#F5){ref-type="fig"}d and 5e). Notably, the in vivo anti-tumor efficacy achieved by the combined RIT and PTT in Group 6 appeared to be remarkably better than the predicted addictive effect (Figure [5](#F5){ref-type="fig"}f). Hematoxylin and eosin (H&E) staining and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining of tumor slices further demonstrated that the combined PTT and RIT induced by SWNT\@PDA-^131^I-PEG (Group 6) showed the most significant damage to tumor cells and resulted in the highest level of tumor cell apoptosis (Figure [6](#F6){ref-type="fig"}a and 6b). This remarkable synergistic therapeutic effect by Group 6 could be attributed to the mild PTT effect, which although could not directly ablate tumors, would improve intra-tumor blood flow and relieve tumor hypoxia, so as to overcome hypoxia-associated radiation resistance for solid tumors.[@B36]

It is known that although raw CNT could induce toxic effects,[@B8], [@B37], [@B38] SWNTs with short lengths and biocompatible coatings would be not obviously toxic in vitro and in vivo.[@B39], [@B40] Therefore, we examined potential toxic side effect of such combined PTT and RIT with SWNT\@PDA-^131^I-PEG. During our in vivo experiments, no significant body weight drop was observed ([Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S5](#SM1){ref-type="supplementary-material"}). In addition, histology analysis of major organs from mice at 14 days after i.v. injection of SWNT\@PDA-^131^I-PEG and laser treatment indicated no significant organ damage ([Supporting Information](#SM1){ref-type="supplementary-material"} Figure [S5](#SM1){ref-type="supplementary-material"}). These results demonstrated that our SWNT\@PDA-^131^I-PEG sample was no noticeably toxic to the treated mice in the experimental period.

Conclusion
==========

In summary, we have developed a multifunctional nanoplatform based on PDA coated SWNTs with PEG modification. The PDA shell on SWNTs not only enables chelation with Mn^2+^ to enhance T1 / T2 bimodal MR imaging, but also allows labeling with ^131^I to deliver RIT for cancer therapy. As illustrated by T1 / T2 MR imaging and further confirmed by ex vivo biodistribution to track ^131^I, efficient tumor accumulation of those nanotubes is vividly observed. Taking advantages of the strong inherent NIR absorbance of SWNTs, NIR-induced PTT is then conducted in combination with ^131^I-based RIT using SWNT\@PDA-^131^I-PEG, achieving a remarkable synergistic therapeutic effect compared to PTT alone or RIT alone. Therefore, an interesting theranostic nanoplatform based on SWNTs is developed in this work, useful for multimodal imaging guided combination therapy of cancer. In addition, our results also suggest the great advantages of PDA coating as a general biocompatible surface functionalization strategy to offer coated nanomaterials with highly integrated functionalities promising in biomedicine.
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![Preparation and characterization of SWNT\@PDA-PEG. (a) A schematic illustration for the fabrication of SWNT\@PDA-PEG. (b&c) TEM images of SWNT/PVP (b) and SWNT\@PDA (c). Inset is a TEM image with higher resolution. (d) UV-Vis-NIR absorbance spectra of SWNT/PVP, SWNT\@PDA, SWNT\@PDA-PEG and SWNT\@PDA-PEG/Mn solutions at the same SWNT concentration. Inset: a photo of SWNT\@PDA-PEG/Mn in various types of physiological buffers. (e) Temperature change curves of SWNT\@PDA-PEG solution at different concentrations (i.e. 10, 20, 40, 80 nM) exposed to the 808 nm laser with a power density of 0.7 W cm^-2^ for 5 min. The molar concentrations of SWNTs were determined by a literature method.[@B27]](thnov06p1833g001){#F1}

![MR imaging of SWNT\@PDA-PEG samples without or with chelation of Mn^2+^. (a&b) T~1~- and T~2~- weighted MR images of SWNT\@PDA-PEG samples before (a) and after (b) Mn^2+^ chelating. The SWNT concentrations varied from 0 to 865 nM, corresponding to Mn concentrations from 0 to 1 mM (for SWNT\@PDA-PEG/Mn). (c&d) T1 (c) and T2 (d) relaxation rates of SWNT\@PDA-PEG and SWNT\@PDA-PEG/Mn at different SWNT concentrations.](thnov06p1833g002){#F2}

![**In vitro cell experiments. (a) The radiolabeling stability of SWNT\@PDA-^131^I-PEG incubated with PBS and mouse plasma at 37 °C. (b) The relative viabilities of 4T1 cells incubated with various concentrations of SWNT\@PDA-PEG, free ^131^I and SWNT\@PDA-^131^I-PEG. For SWNT\@PDA-PEG and SWNT\@PDA-^131^I-PEG, SWNT concentrations varied from 0 to 80 nM. For free ^131^I and SWNT\@PDA-^131^I-PEG, ^131^I concentrations varied from 0 to 80**μCi. (c&d) The fluorescence imaging of Calcein AM/PI stained 4T1 cells (c) and their relative viabilities (d) after different treatments. Group 1: Control; Group 2: SWNT\@PDA-PEG; Group 3: Free ^131^I; Group 4: SWNT\@PDA-PEG + Laser; Group 5: SWNT\@PDA-^131^I-PEG; Group 6: SWNT\@PDA-^131^I-PEG + Laser. The predicted addictive effect was calculated by multiplying the remained cell viability ratio in group 4 (PTT only) with that in group 5 (RIT only). The concentration of ^131^I was 150 μCi (corresponding to 80 nM of SWNT\@PDA-PEG in the SWNT\@PDA-^131^I-PEG sample). The laser irradiation was conducted at about 0.3 W cm^-2^ to maintain the temperature at about 46 ^o^C for 20 min. P values were calculated by the Student\'s two-tailed t-test (\*\*\* p \<0.001 or \*\* p \<0.01).](thnov06p1833g003){#F3}

![In vivo behaviors of SWNT\@PDA-^131^I-PEG. (a) In vivo T~1~- (upper) and T~2~-weighted MR images (bottom) of a 4T1 tumor-bearing mouse taken before injection (left) and 24 h post injection (right) of SWNT\@PDA-PEG/Mn. Obvious brightening and darkening effects showed up in the tumor after i.v. injection of SWNT\@PDA-PEG/Mn by T~1~- and T~2~-weighted MR imaging, respectively. (b) T~1~- (left) and T~2~-weighted (right) MR signals intensities of the tumor before and 24 h post i.v. injection of SWNT\@PDA-PEG/Mn, which offered strong tumor contrasts under both T~1~- and T~2~-weighted MR imaging modes. (c) Gamma imaging of SWNT\@PDA-^131^I-PEG-treated mice and free 131I-treated mice. Notably, free ^131^I was completely excreted after 12 h, while SWNT\@PDA-^131^I-PEG showed obvious tumor accumulation. (d) The blood circulation of SWNT\@PDA-^131^I-PEG after i.v. injection determined by gamma-counting. (e) The biodistribution of SWNT\@PDA-^131^I-PEG in 4T1 tumor-bearing mice measured at 24 h p.i. Li: liver; Sp: spleen; Ki: kidney; He: heart; Lu: lung; Sk: skin; Mu: muscle; Bo: bone; Tu: tumor.](thnov06p1833g004){#F4}

![In vivo combined therapy with SWNT\@PDA-^131^I-PEG. (a) IR thermal images of 4T1 tumor-bearing mice with or without injection of SWNT\@PDA-^131^I-PEG (\[SWNT\]:4.3 mg/kg, 200 μCi of ^131^I per mouse), under the 808 nm laser irradiation (about 0.6 W cm^-2^). (b) Temperature change curves of tumors monitored by the IR thermal camera during laser irradiation. (c) Photos of the tumors collected from different groups of mice at day 14 after different treatments. Note that in the combined therapy group, all of the tumors were completely eliminated after treatment. (d) The tumors collected from all the groups were weighted 14 days after various treatments. (e) Tumor volume growth curves of different groups of mice after various treatments. The temperature was kept at about 46 ^o^C for 20 minutes by NIR irradiation. (f) Relative tumor volume of different groups after various treatments. Group 1: Control; Group 2: SWNT\@PDA-PEG; Group 3: Free ^131^l; Group 4: SWNT\@PDA-PEG + Laser; Group 5: SWNT\@PDA-^131^I-PEG; Group 6: SWNT\@PDA-^131^I-PEG + Laser. The predicted addictive effect was calculated by multiplying the relative tumor volume ratio in group 4 (PTT only) with that in group 5 (RIT only). Statistical analysis was performed using the Student\'s two-tailed t-test (\*\*\* p \<0.001).](thnov06p1833g005){#F5}

![H&E staining and TUNEL staining of tumor slices. (a) TUNEL staining of the tumor slices taken at day 2 post the initiation of treatments. The combined internal RT with PTT offered remarkable synergistic therapeutic effect in inhibiting the tumor growth. (b) H&E stained images of the tumor slices taken at day 2 post the initiation of treatments. Group 1: Control; Group 2: SWNT\@PDA-PEG; Group 3: Free ^131^l; Group 4: SWNT\@PDA-PEG + Laser; Group 5: SWNT\@PDA-^131^I-PEG; Group 6: SWNT\@PDA-^131^I-PEG + Laser.](thnov06p1833g006){#F6}
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